We have measured the thermal diffusivity of eclogite and majorite with a model MORB composition at pressures of 3 and 15 GPa respectively. Both phase assemblages show inverse dependences of their thermal diffusivities on temperature: D eclogite =9(10)x10 -10 + 7(1)x10 -4 /T(K) m 2 /s and D majorite =6.2(5)x10 -7 + 3.0(5)x10 -4 /T(K) m 2 /s. The values for majorite are in good agreement with previous measurements for other garnets and are considerably lower than thermal diffusivities of wadsleyite and ringwoodite which are the main components of the mantle transition zone. We discuss the implications of the low thermal conductivity of subducted oceanic crust in the transition zone for the triggering of deep seismicity.
Introduction
Conductive heat transport through mantle materials plays a fundamental role in mantle convection and hence the secular cooling of the Earth. It is the main mechanism for thermally equilibrating subducting oceanic lithosphere with the surrounding mantle which, in turn, determines the depth of the equilibrium (and metastable) phase transitions and buoyancy forces in subducting slabs. However, despite their importance for mantle dynamics, the thermal conductivity, κ, and diffusivity, D, of mantle minerals at high pressure are very poorly constrained. For example, there are no measurements for perovskite above 1 atmosphere and 340 K (Osako and Ito, 1991) and only one set of thermal diffusivity measurements of the high-pressure polymorphs of Mg 2 SiO 4 , wadsleyite and ringwoodite (Xu et al., 2004) .
The case for garnet is hardly better with measurements on a range of garnet compositions at atmospheric pressure (Kanamori et al., 1968; Horai, 1971; Osako, 1997; Hofmeister, 2006 , Marquidt et al., 2009 ) and one high-pressure (8GPa) measurement for an almandine-rich garnet (Osako et al., 2004) ; no measurements have been performed on majorite garnet which, in the mid-transition zone, constitutes almost the entirety of the crustal portion of the subducting slab. Here we present measurements of thermal diffusivity of a model MORB composition at 3 and 15 GPa where the stable phase assemblages are eclogite (containing pyrope-rich garnet and omphacite) and pure majorite, respectively.
Methods

Principle
Thermal diffusivity was measured using the modified Ångstrom method described previously (Dobson et al., 2008) . In the high-pressure implementation of the Ångstrom method a stationary thermal wave is developed in a sample by perturbing the temperature in the surrounding cylindrical furnace in a manner which varies sinusoidally with time.
As long as the sample is sufficiently long for the infinite cylinder approximation to be valid (sample length ≥ 1.5 times the diameter) the phase lag, Φ 0 -Φ R , and amplitude difference, θ 0 /θ R , of the thermal wave between points at the axis of the sample and radius, R, are related to the thermal diffusivity by (Khedari et al., 1995) :
where ber and bei are Kelvin functions of the zero order Bessel functions (e.g. ; Brualla and Martin, 2001) , and ω is the angular frequency of the temperature perturbation. In practice the phase lag is considered to give a more accurate measure of the thermal diffusivity (Katsura, 1993; Khedari et al., 1995; Xu et al., 2004) and the phase lag was used here rather than the amplitude difference.
Ordinarily the phase lag is determined by inserting two thermocouples, one along the sample axis and the other at the outside edge of the sample; this is extremely non-trivial at high pressure (e.g. Katsura, 1993) and has proven to be a limiting problem for measuring the thermal diffusivity of magnesium silicate perovskite. Furthermore, there are problems associated with the temperature measurement technique: the thermal mass of the thermocouple might perturb the temperature field in the sample and there might be imperfect thermal contact between the thermocouple and the sample (for example, Hofmeister [2007] suggests that multiple contact methods might be inaccurate by up to 30%). Here we measure the thermally induced change in length of the sample as a proxy for the temperature change, using synchrotron radiography (Dobson et al., 2008) . For a given change in temperature, ΔT, the change in length of the sample, Δl is given by the thermal expansivity: Δl =lα ΔT, where l is the sample length at T and α is the linear thermal expansivity. Assuming (i) that the thermal expansivity is constant across the temperature range of the imposed thermal wave (small ΔT and/or temperature above the Debye temperature) and (ii) the thermo-elastic strain is instantaneous on a change in temperature (no plastic deformation) then the change in length of the sample can be used directly in equations (1) without converting it to the temperature. The precision in fitting the sine wave is then a function in precision of length measurement. Both of these assumptions are valid for the magnitude of temperature perturbation used here. Thin strips of X-ray absorbing foils are placed radially at the end of the sample, perpendicular to the incident X-ray beam, such that radiographic images of the foils define the length of the sample at all radii. This has several advantages over two-thermocouple methods: (i) the sample geometry is simplified, requiring discs of high-pressure sample; (ii) the phase lag can be determined at all radii over which the sample is imaged; (iii) the observation of thermal expansion along the sample averages the temperature field along the length of the sample between the marker foils, minimising effects of local temperature perturbations around the foils; and (iv) since the thermal expansion of the sample is observed, contact problems are removed. These last two advances solve the problems previously associated with the Ångstrom method and discussed in a recent review of thermal transport measurements (Hofmeister, 2007) . Figure 1 shows a schematic drawing of the high-pressure cell. Samples were placed at the centre of an octahedral high-pressure cell, directly inside graphite furnaces for radiographic measurements. Marker foils were placed ~2 mm apart along the length of the samples. NaCl powder was packed at the end of the samples to fill up the remainder of the furnace. Radiographic images were collected using white X-rays exciting a 200 µm thick YAG crystal; the optical fluorescence from the crystal was imaged using a 'Prosilica' optical CCD camera with telephoto lens such that each pixel imaged 2 µm x 2 µm of the sample. Cross-correlation between successive images and cross-convolution of the top and bottom foil allows the length change of the samples to be determined with a precision of ~0.1 pixel at any arbitrary radius.
Experiments
Experiments were performed using a 200 Ton 6/8 multi-anvil press installed at beamline X17B2 of the National Synchrotron Light Source. MgO cells of 8, or 7, mm edge length were compressed using hard anvils with 3 mm truncations; the 4 anvils in the X-ray beam were made of cubic boron nitride and the 4 anvils not in the beam were tungsten carbide.
Thermal diffusion measurements were performed at 3.5, or 15, GPa for eclogite and majorite respectively. Experiments were performed by compressing the sample at room temperature to the target pressure, followed by step-wise heating. The sample was left to thermally equilibrate for ~5 minutes at each temperature before starting the temperature perturbation for thermal diffusion measurements: the temperature was controlled using a thermocouple placed just outside the furnace, as indicated in Figure 1 . Temperature perturbations were generated by putting a sinusoidal perturbation on the control current of the furnace; deviations from sinusoidal temperature variation were sufficiently small that a sinusoidal fit to the observed thermal expansion was perfectly adequate (Figure 2 ).
Perturbations of ± 30-50 K at the furnace were used in the present study, corresponding to maximum thermal strains of ~0.4 µm in the sample. Sine waves with periods of 0.5, 1, 2, 4 and 8 s were used for the temperature control. The temperature cycle was started ~1 minute before starting the radiographic observations to ensure steady state had been attained in the sample; 10 frames were collected per cycle for 100 cycles of the temperature wave (1000 frames in total). For full details of the method see Dobson et al., 2008 and Li et al., 2003 .
Samples
Samples of eclogite and majorite were synthesised from a synthetic glass with a composition similar to the primitive abyssal tholeite ARP74 (Table 1) which transforms to pure majorite (Nishihara, 2005) ; glass was synthesised by fusion in air of a mixture of oxides (Fe, Mn, Mg, Si, Ti, Al), carbonates (Ca, Na, K) and Ca 3 (PO 4 ) 2 . This mixture was decarbonated and fused in a platinum crucible, which had been pre-saturated with iron, and quenched into water. Two cycles of grinding and glassing ensured compositional homogeneity, after which the glass was reduced in Ar-H mixture at 1073 K for 20 h.
Eclogite samples were synthesised from the MORB glass at 3 GPa and 1473 K for 24h in a 1000 tonne 6/8 multi anvil press installed at UCL. Majorite was synthesised from the glass at 15GPa and 1973 K for 4 h using the 5000 tonne press at the Bayerisches Geoinstitut. Recovered samples were analysed by X-ray diffraction to confirm phase purity and then cored into cylinders with a diameter of 2 mm for radiographic measurements. The transformed samples, prior to the thermal diffusion measurement, were polycrystalline and homogeneous, with grain size of around ten microns. This ensured that radiative conduction was not significant except at the highest temperatures (e.g.; Hofmeister et al., 2007) 
Results
Eclogite
An example of the observed thermal expansion at three arbitrary radii is shown for the eclogite sample at 976 K and 0.5 Hz driving wave in Figure 2 
Majorite
The thermal diffusivity of MORB composition majorite at 15 GPa is plotted against temperature in Figure 5 , along with previous measurements for similar garnets.
Weighted least-squares regressions to the majorite data yield the equations D=6.2(5)x10 -7 + 3.0(5)x10 -4 /T (K) m 2 /s and 1/D=2.26x10 5 +1.57*10 3 T-0.85748T 2 +1.52x10 -04 T 3 s/m 2 ;
both fits are essentially identical in the fitted temperature range. The two highesttemperature data deviate significantly from the fitted curve; this is likely to be due to a significant radiative component to the thermal conduction at these temperatures. These two points were therefore not included in the regressions.
Comparison with previous results
There are no previous measurements of thermal diffusivity in highly majoritic garnets for direct comparison with the present results. We have therefore plotted on figure 5 previously measured thermal diffusivity of a 73% almandine, 25% pyrope garnet at atmospheric pressure and 8 GPa from Osako et al. (2004) and a 75% pyrope 15% almandine 12% grossular garnet at atmospheric pressure (Hoffmeister, 2006) , which are the closest compositions available in the literature. Despite the differences in composition (the present garnet is approximately 33% grossular, 20% almandine, 16% pyrope and 13% majorite) the temperature dependences are similar and there is an approximately constant positive dependence of thermal diffusivity on pressure. By 15
GPa the present measurements are approximately 1.5 times higher than the atmospheric pressure values. This is consistent with the predicted pressure dependence of thermal diffusivity of Hofmeister (2007) . Furthermore, a recent study (Marquardt et al., 2009) surveyed the thermal diffusivities of a wide range of natural and synthetic garnets at atmospheric pressure and concluded that, in the high-temperature limit, they all had the same value of thermal diffusivity, D min , of 6.4(3) x 10 -7 m 2 /s. This compares very well with the present high-temperature limit value of 6.2(5) x 10 -7 m 2 /s and gives us confidence that the present results for MORB composition majorite at 15 GPa are robust.
The present measurements are similarly consistent with the calculations of Geisting et al.
(2004) for an appropriate garnet composition.
Discussion
The present results have some implications for the thermal reequilibration of subducted slabs. Figure 6 shows the thermal diffusivity of MORB composition majorite and eclogite, along with the polymorphs of Mg 2 SiO 4 (from Xu et al., 2004) , plotted as a function of temperature. The thermal diffusivities of the MORB assemblages measured here are similar to that of olivine and 30-40% smaller than that of wadsleyite and ringwoodite at 1000 K. Thermal models of subducting slabs which use the thermal conductivities of the appropriate mineral assemblage (Marton et al., 2005) show that the extent of metastable olivine is reduced compared to earlier thermal models which just used olivine thermal conductivities. The present results, which show that the thermal diffusivity (and hence thermal conductivity) of majorite is similar to that of olivine would suggest that the MORB layer on the top of the subducting slab would have an anomalously low thermal conductivity, compared to the surrounding wadsleyite-and ringwoodite-rich assemblages, in the transition zone. This MORB layer is thin compared with the rest of the subducting slab and so its effect on slab thermal equilibration at long timescales is likely to be small. At short timescales, however, where the lengthscale of a thermal transient is shorter than a few kilometers the reduced thermal conductivity of the oceanic crustal layer might be significant.
It has been suggested that deep earthquakes within the transition zone are triggered by thermal run-away processes on shear zones of a few tens of meters in thickness (Griggs and Baker, 1969; Ogawa, 1987; Karato et al., 2001) . Thermal run away is consistent with the low rupture velocities and low seismic efficiencies of many transition-zone depth earthquakes (e.g.; Wiens, 2001) . The efficiency of thermal run-away is inversely proportional to the thermal conductivity of the shearing medium. The current results suggest, therefore that thermal run-away leading to triggering of deep seismicity in the transition zone should be more likely in the majorite-rich crustal portion of the subducting slab. The stability field of majoritic garnet corresponds well with the depth range over which there is a peak in deep earthquake activity (~500-600 km).
Furthermore, seismicity in the Tonga slab at these depths appears to be primarily located within the upper ~10 km of the slab (eg Estabrook, 2004) , implicating majorite in the triggering mechanism.
Summary and conclusions.
We have measured the thermal diffusivity of the 'ecolgitic' and 'majoritic' phase assemblages of a model MORB composition at pressures and temperatures appropriate to subducting oceanic crust. Increasing pressure results in two competing effects on MORB thermal diffusivity: (i) for a given phase assemblage, the effect of pressure is to increase its thermal diffusivity. (ii) The garnet content of the equilibrium phase assemblage increases with pressure until, at around 15 GPa, MORB is almost pure garnet. Since garnet has a low thermal conductivity compared to other mantle silicate minerals these two effects tend to cancel out such that there is very little difference in thermal conductivity at 3 GPa and 15 GPa in the MORB composition studied here. This is very different from the main component of mantle peridotite, Mg 2 SiO 4 , which shows a factor of two increase in thermal diffusivity from 1 to 20 GPa at a given temperature.
Majorite's inefficiency at transporting heat will cause subducted oceanic crust to thermally reequilibrate with the surrounding mantle more slowly than olivine-rich portions of the subducting slab; if MORB can accumulate in the transition zone, these regions might contain long-lived thermal anomalies. Furthermore, the lower thermal diffusivity of the crustal portion of the slab in the transition zone might explain the localisation of some deep earthquakes to the top of the slab if the triggering mechanism requires positive thermal-feedback processes. 
